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Biock 19. (continued)

Combustion property observations of isolated boron slurry droplets were extended
in the past year to in-house boron/JP-10 slurries with and without surfactants. The
experimental results have revealed that stabilizing ageits are responsible for the
violent disruption of the primary slurry droplet, and strongly support the hypothesis
of the formation of the impermeable shell and subsequent disruption phenomena, that had
been proposed previously.
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£ .. .., . . SUMMARY
After great progress related;;;:aoot formation in normal diffusion
flames, studies -of ;near and slightly sooting invirse diffusion flames were . -~ /.
_initiated to determine the key intermediates to soot formation. The results
indirectly confirm that the initial number deusity of soot particles which
form scale with aromatic formation just prior to soot iaception. Correlations
exist between a fuel’s sooting tendency as measured by the Princeton smoke
height experiment and the extent of aromatic formation measured in both
inverse and normal diffusion flames.
Work on the oxidation of the aromatics present in jet propulsion fuels ~ - -
. has continuedwith the -ajoéheff;ct -now directed at the dialkylated bengenes.
The major study concerned the oxidation of para—xylene. The results indiqg;e
thé.oxidation of one side chain at & time before the benzene ring is attaé%éd.
There is a linear decay of the fuel and the major lpecxel detected were
toluene, benzene, p-tolualdehyde, p—ethyltoluene and OO Kinetics ateps
lending to these intermediates are given. |
Combustion property observations of isolated boron slurry droplets were
extended in the past year to in-house boron/JP-10 slurries with and without

surfactants. The experimental resulta have revealed that stabilizing agents

are responsible for the v1olent disruption of the primary slurry droplet and
strongly support the hypothesxs of the formation of ‘he impermeable shell and
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Prasent and anticipated variations in fuels and trends towerd high

performance propellants require greater understanding of the chemical
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phenomena associated with the combustion aspects of the varicus propulsion
systems of current and future intereast to the Air Force. Under AFOSR an
integreated, fundamental progrem on fuel research was estabiished at Princeton.
Current emphasis and research objectives are directed towards understanding
soot formation and destruction processss; on related pyrolysis and oxidation
studies of hydrocarbons, particularly the verious types of aromatics that
aggravate soot conditions and are the components of heavy fuels, and mastering
high energy density boron and slurry combustion problems.

In subsequent sections this report details the progress made during the
past year and the publications which have emanated from the work.
II. Status of th;‘é Research and Year's Progreass

This oection“m divided into three parts which correspond to the current
major cbjectives of the research program.
A. Pyrolysis and Oxidation of Aromatic Fuels

Previcus investigations (1-3) of the high temperature (1000-1200K)
oxidation of methyl, ethyl and n—ropyl benzene in the Princeton flow reactor
have indicated that three primary processes are instrumental in removing the
alkyl side chain from the aromatic ring: 1) ebstraction of a hydrogen from the

alkyl group, decomposmition of the radical and, oxidation of the subsequently

formed species; 2) displacement of the alkyl group by a radical

Py
-

[

~

species-usually an H atom; 3) thermal cleavage (homolysis) of part of the side .iﬁ
chain followed by oxidation of the resultant radicals. Since the side chain is {I*
removed initially by these three processes without any major attack on the -L,‘
aromatic ring (4,5), it was also found that the oxidation of alkylated aro— “j
mutics eventvally reduces simply to the oxidation of the phenyl radical and/or ;:_1
benzene. Much of the basic understending of the ieactions important in the :_!

3

o
‘a

A .

SIGAIN ARSI AR RS R AR NS VAR EARIS M



A EERSS TN IR A A Sl A R i e

NS N T T S TNt T e e R A N R N R T LR T I, T T P TN LTV
D I 2 TR e N A i

N AT AR A TR AR AN AT AN R WA W W U WAV AW YW W0 WAL W W W MWL W L LW L 1w 17 W Ly LT S e s s s e —

remcval of the side chain was gained from observing that the chemistry of the
oxidation of methyl, ethyl and n-propyl benzene was analogous in many ways to
the oxidation chemistry of methaie (6), ethane (7) and propane (8). Further
experimental work in relation to earlier work on the oxidation of butane (9)
showed that similar analogies could be made with n-butyl benzene (10). The
consequence of this extensive work on the mono—alkylated aromatics was the
formulation of a simple, generalized, wechanistic model for the oxidation of
the monoalkylated aromatics that certainly should be valid in the temperature
and pressure range of the turbulent flow reactor (10).

The main effort on this aspect of the overall program then concentrated
on the multi--substituted aromatics with particular attention given to para-
xylene. Most of the oxidation experiments on p-xylene were conducted in the
range of 1163-1183K at a mixture ratio that was essentiaily stoichiometric.
Data taken indicatec thet the stoichiometry did not affect the oxidation
mcchanism noticeably.

The major species detected during the experiments were toluene, benzene,
p—tolualdehyde, p-ethyltoluene, CO, and fuel (Fig. 1). The major aliphatic
found was mithane. The concentration of CO increased throughout the oxidation
process, hence, no COz was formed and the experiments were easentially
isothermal.

The fuel appears to decey linearly suggesting a zero order decomposition.
This result is believed to be caused by the p—methylbenzyl radical
(CHaCeHaCHz ). The intermediates form ' during the oxidation indicate that

this radical could be present in large amounts due to resonant stability.

Counrider the formation of ethyltoluene. The most likely means to form

ethyltoluene is by the reaction betwean methylbenzyl and a methyl radicel (the
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»-thyl coming {from a side chain displacement by hydrogen). For the radical-
radical reaction to be significant, relatively large amounts of methylbenyzyl
and methyl must be present. The atability of methyl is well known. It is
postulated that methylbenzyl is resonantly stabilized, similar to the benzyl
radical (CsHsCHa), hence allowing it to form in relatively large concentra-
ag tions. Further support would be the presence of larger aromatics such as 1,2-
by di-(4-tolyl) ethane which can be forwed by the dimerization of two methyl-
benzyl radicals. The positive identification of this species is currently

being investigated through the use of mass spectrometry.

X

In order to possibly explain the linear fuel decay one notes that the
sampling probe now in use quenches the sample at 70C so that unatable species
quickly recombine to form stable species. Thus if methylbenzyl were sampled,
it would moat likely recombine with any hydrogen or abstract hydrogen from
other speciesn and be detected as xylene. This effect could explain the
apparent linear rate of fuel decay seen in the data. Of course this
hypothesis must be verified through estimation of the methylbenz ri radical
concentration which is currently being done. It is worth pointing out that
previous oxidation experiments of toluene (CeHsCHi) in the reactor also
produced a linear fuel decay and the benzyl radical was eatimated to achieve
relatively high concentrations.

The proposed oxidation mechanism of p—-xylene involves the oxidation of

one side chain u«t a time before the ring is broken in a manner not unlike the

oxidation of the single side chain species, toluene. The major reaction route
is the abstraction of the side chain hydrogen by a radical (X)
CH3CeReCH3s + X —— > CH3CeHeCHz + XH (1)

Reaction (1) has been observed by other investigators to dominate over
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addition of X at the temparaturc of this study. Trace smounts of
dimethylphencl were detected though, probably due to the addition of O atom to
the ring. Competing with (1), but less likely, is the displacement of the
methyl group by hydrogen
CHaCoeHaCHa + H — > CeHsCla + CHa (2)
which has also been documented. This postulate is supported by the early
appearance of large amounts of tcoluene and the presence of ethyltoluene as
discusaed earlier.
The methylbenzyl then reacts with O atom to form tolualdelvde, another
major intermediate,
CHaCeHeCH2 + O — > CHaCeH4CHO + H '3)
or ethyltoluene
CHaCsHeCHz + CHa —— > CHaCeHeC:2Hs (4)
The methylbenzyl can also dimerize, as noted earlier, but this step is not a
significant reaction route.
The fate of the tolualdechyde is most likely abstraction of the formyl H
and the decomposition to CO and the teclyl radical
CH3CeH4CHO + X — > CHaCsHeCO + XH (5)
CHaCeHeCO —— > CHaCesHa + CO (6)

This route is supported by the presence of early CO continuing throughout the
oxidation from the beginning. The tolyl radical probably abstracts an H (e.g.
from the fuel) and oxidizes as toluene since no aromatic ring frugments which
contain the extra methyl group are defected.

Small amounts of p-methylstryrene were detecte:’ and are believed to come
from the decomposition of the ethyltoluene via the abstraction of the benzylic

hydrogen
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CHaCoHeCaHs + X -~ > CHaCeHaCHCHa + XH (7

CH3CoH¢CHCHa —- > CHaCoeHeCH=CHz + H (8)
Similar to reaction (2), the ethyltoluene can also have the ethyl group
displaced by a hydrogen. The fate of the methylstyrene is probebly

displacement of the ethenyl group eagain leading to the tolyl redical.

T T T W

The side chain of the toiuene formed then oxidizes in a similar menner as

S

the xylene until the phenyl radical (CsHs) is formed. This radical oxidizes
to cyclopentadiene which breaks down into the aliphatics.

So, as can be seen by the suggested mechanism, it is believed that p-
xylene oxidizes one side chain at & time and leads to formation of CO before
the aromatic ring breaks up and the subsequent formation of toluene. The
trend the mechaniam suggests is supported by the experimental data obtained.

The current work will be directed towards determination of the
concentration of the methylbenzyl radical to explain the linear fuel decay and
to further develop the analysis techniques using capillary coluan gas
chromatography. It is believed that improved analysis will yield more
information on the trace species and their role in the oxidaiion. Finally,
preliminary work has begun on the oxidation of the ortho- and meta— isomers

and will continue to be investigated. Of particular interest is what change,
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if any, occurs in the o—xylene mechanism which leads to a faster burning time.
Upon completion of the study of the xylenes, more detailed attention will be
given to the polynuclear aromatics which form a component of JP fuels and have

serivus ramifications with respect to soot formation as well as environmental

considerations. Because of earlier preliminary studies (11), the firast

compound to be studied will be l-methylnaphthalene.

R R N T T R N S R N R i e L D A




B. 8oot Formetion and Destruction Procoss

Extensive progress and understanding of soot processes have developed
from this aspect of the AFOSR pirogram. These Princeton studies were the first
to clearly distinguish the difference between sooting tendencies of pre-mixeu
and diffusion controlled combustion processes and to emphasize the importance
of considering temperature in analyzing the sooting tendency of fuela (12).
The work on pre-mixed flames was completed and a correlation developed between
the critical asooting equivaince ratio of fuels and mixtures and a single
property of the fuel, namely the "number of C-C bonds" (13). Work on
diffusion flemes also has largely been completed. The importance of
temperature was particularly significant for this type of combustion process.
The results of the program meke it possible to determine from a fundamental
knowledge of the pyrolysis kinetics of component fuels, their tendency to soot
under diffusion flame conditions (14,15).

The key to controlling soot formation irrespective of controlling the
temperature is a knowledge of the mechenism of soot formation, but, perhaps,
as important, also knowledge of the precursors that control the soot formution
process. Thus for this annual period most attenticn was directed towards thie

nbjective by chemical sampling "unique" inverse diffusion flemes and meking

use of the chemical inatrumentation availsble in the oxidation kinetics aspect
of the program. The sampling for these flames is perforwed at a near sooting

condition which is developed by nitrogen dilution of th's flame (12).

Al]l hydrocarbon fuel, except methane, tend to form so much soot in the
standu=1 co-flow laminar fieme geometry employed t.uat a near sooting flame is
usually unattainable; with large dilution, most flames lift-off before soot

formation can be eliminated. However, by eimply interchanging the fuel and
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oxidizer streams and chooaing the dilution of the streams appropriataly,
stable flames with no visible soot loading are readily attained. Measurements
of temperature and intermediate hydrocarbon apeciea for these sc-called
"inverse diffusion flames" (IDFs) of ethene, propene and l-butene in near and
slightly sooting conditions have been made. The effects of flame temperature
and fuel structure on these profiles have e#lso been measured.

The ready achievement of an inverse diffusion flame measurement makea a
description of the experimental spparatus worthwhile in this part of the
research. The geometry of the burner is similar to that of previous
investigations (22) on "norwal diffusion flames" (NDFs) and consists of a 1 cm
diemeter stainless steel central tube and an 8 cm outer shroud. The oxidizer
is a controllable mixture of 02 snd N2 and flows through the central tube.

The fuel flows in the outer stream and is heavily diluted with Na. The inlet
velocities of the two streams are always comparsble.

The system is enclosed by a plexigzlaas chimney with mounted sampling
probes and thermocouples fixed with respect to the chimney. The system is
sealed to prevent ambient air contamination of the fuel. The entire chimney
assembly is movable vertically and the probes are mounted on vernier scales so
that profiles both axially (by moving the chimney) and radially are possible.

Gaseous samples were taken using an uncooled quartz micro-probe with an
orifice of roughly 75 micrometers. The probe is vertical in the flame
environment, roughly parallel to the streamlines. Ssmples are expanded from
the flaxe to approximately 100 torr and subsequently compressed to 1
atmosphere for snalysis using an HP-5840 Gas Chromatograph employing an FID.
The GC/MS system was used to identify some unknown specieas. Some wessurements

of the permanent gases Oz, N2, CO and COz were made with a Varian 920 GC
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10
employing a TCD. Ha concentrations were not measured.

Temperature measurements were made with a 6% Rh-Pt/30% Rh-Pt thermocouple
with a 0.002 inch wire and coated with quartz to a dismeter of 0.004 inches to
prevent catalytic effects. No corrections for conduction or radiation were
made.

Of all the fuels tested, one ethene flame was samplied in detail and is
considered as a base flame from which the eff.cts of perturbations of the
flame conditions can be cbserved. In all cases, the flame structure is kept
similar by keeping the flame height and the parameter S=Xoa/(Xr (n+m/4)]
constant. Xoa and X¢r are the oxygen and fuel inlet mole fractions, and n and
m are the carbon and hydrogen number of the fuel (16). For a given fuel, by
changing the 02 und fuel concentrations together, flames of similar structure
but uniformly higher temperatures are obtained so that the effects of
increased temperature on intermediate hydrocarbon concentrations at fixed
residence timeas (17) are observed.

Many of the original measurements were descridbed in the previous annual
report (18). Since most of this work is nearly completed and will soon uppear
as a Ph.D. Thesis (19), it appears appropriate to discuss the inverse
diffusion flame results with reapect to the early work on normal diffusion
flames because in this manner the application of this research upproach is
most readily seen,

Detailed results of tests performed with normal diffusion flemes (NDF)

have been reported extensively in the papers listed in the references.

Earlier results on the inverse diffusion flames were reported in the last

annual report and a recent Ph.D. Thesis (19) as mentioned. It should be ::
RS
noted, since the objectives of the two efforts were different, that the same !
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and indicates that cthe chemie r+ depicted for C¢ species by Frenklach, et al.
(20) is a ~ommon feature. At first giance it might be thought that di-
acetylene is the imwortant precursor spccie for soot rince its conceniration
is the same for all flames just prior to soot inception. However, it must be
emphasized that the initial nuwber density of soot particles formed is
responsible for the soot formation rates observed in flames. If a specific
specic controlled whether or not inception occurred, and that specie had
similar concentrations in different flames (such as di-acetylene), the
subsequent sooi. formation rates should be the same also. Based on this
argument, di-acetylene is clearly not a controlling specie since the soot
formation rates in the flames are drastically different.

The explanation for di-acetylene being similar in all flemes is that di-
acetylene is closely tied to both acetylene concentrations and local
temperature. In an ethene IDF test with argon to separate fuel concentration
from temperature etfects, it was observed that di-acetylene concentrations,
unlike most other species, were closely tied to temperature, and little
affected by fuel concentration. Also, the ratio of di-acetylene to acetylene
was observed to be very similar in all flames (implying that acetylene also
has simiiar concentrations, which is to a large extent true). Moderlling
results (Singh and Kern (21) and Frenklach et al. (20) demonstrate that, as
observed in these flames, an equilibrium between acetylene and di-acetylene
tends to be approached.

While the iuception of soot is tied to the location of the ’1300K’
isotherm, except for methane, the soot formation rates are related to the
concentration field at inception. In particular, the aromatic content of the

flames seems tc scale with scot loading. In order to observe this result more
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13
closely, Figure 3 is a plot of the fuel’s sooting tendency as & function of
the measured aromatic concentrations prior to soot inception. The sooting
tendency is obtained from previcus smoke height tests at a common inverse
flame temperature of 4.32 (2315K). The results of both IDF and NDF tusts
indirectly confirm that the initial number density of soot particles which
form scale with the aromatic content just prior to soot inception. It is not
surprising that the aromatic content is so important to the soot loading.

What is unique is that the aromatic content does not determine whether or not
inception will occur (provided a threshold of intermediates specie
concentrations exists). The results of the smoke height tests using mixtures
of benzene and hexene (22) are in agreement with these observations. Adding
small smounts of benzenec to hexene probably does not change the location of
the soot inception point, but increases the number density of particlea formed
there and therefore increases the sooting tendency proportionally.

Again more extensive details will be reported in the Ph.D. thesis of
Sidebotham (19) and papers to be submitted. In the thesis preliminary woik on
the effect of swall concentrations of oxygen on the sooting tendency of fuels
and the possible effect of this oxygen on the chemical route to the important
aromatic precursor was initiated. Such work will form one aspect of the
continuing effort to gain further insight to the soot precursor formation
mechanism in real flemes. Other matters to be considered are the effect of

diluents, hydrogen addition and possible synergistic effectes of fuel mixtures.

These efforts will not only give insight to the soot formation in leminar
flames, but will be appropriate to understanding soot phenomena under

turbulent flame conditions.
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14
C. High Energy Density (Boron) Slurry Veporization/Combustion Processes

. Free Slurry Droplet Combustion

The experimental studies ia burning of free slurry droplets have prog-
ressed substantially during the past year.

Despite the considorable attention that boron slurries have received in
recent years as potential high energy density lLiguid fuels, very little
fundamental work on the actual vaporization/combustion of isolated droplets
have been reported to date. The primary purpose of the current study is to
investigate the fundemental vaporization/combustion behavior of boron slurry
droplets and to provide information useful for fuel and combustor development
efforts. First observations on the combustion properiies of isolated boron
slurry droplets were reported in the previous contract period (23-25],
particularly focused on disruption pvhenomena of the primary slurry droplets.
During the past year, the work was extended to in-house boron/JP-10 slurries
with and without surfactants. The results were reported at the Boron
Combustion Workshop at the 1987 AFOSR/ONR Contractors Meeting on Combustion
[26]. Currently, some additional experimental efforts are under way to test
several in-house boron/JP-10 slurries using various types of boron particles
and their dispersants and to collect condensed-phase combustion products to
investigate both the role of condensation and the mechanism of disruption.

Observations of burning free droplets of both pure JP-10 and boron/JP-10
slurry fuels were made in a high-temperature, atmospheric-pressure, oxidizing
environment under conditions of low Reynolds number. A stream of well-
dispersed droplets (approximately 100 droplet diameters apart) was projected
downward through the center of a premixed, water—cooled, flat-flame burner

coaxially into a hot post—-combustion gas stream. A droplet generation system
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utilizing anvaerodynemic technique, whicih was developed in the previous
contract period particularly for highly-viscous solid-containing liquid fuels,
was used to proiuce small droplets (typically 350-450 microns diameter) of
boron/JP-10 slurry fuels. The flat—flame burner producing the post—combustion

gases was operated at atmospheric pressure using fuel-lean mixtures of

methane, oxygen, and nitrogen (Table 1).

Two types of in-house boron slurriea, one with a surfactant and another
one without surfactant, were used in addition to a commercially available
product (SunTech). Amorphous boron particles (H.C. Starck, 95/97% purity,
0.20-0.32 average diameter) were mixed with pure JP-10 (exo—
tetrahydrodicyclopentadiene). A small amount (2 wt.X) of a sorbitan fatty
acid easter—type surfactant (ICI Americas, SPANB5, sorbitan trioleate) was used
to stabilize the slurries of the boron mass fractions of Ys = 0.1 and 0.3.

Figure 4 shows a scanning electron micrograph (SEM) of a quasi-spherical

|
E

shell of the boron agglomerate, collected from the siurry (SunTech, Ys = 0.3)

burning chimney. The diameter of the shell appears to be close to the droplet

diameter at the time of disruption. The blowholes seem to be created as a

result of the eruption of the mass interior of the primary slurry droplet at
the disruption event. It is noticeable that the surface is relatively smooth
on the outer surface of the shell as compared with the inner surface. The i
thickness of the shell is apprcximately 5-15 microns for both cases of Ys =

0.1 and 0.3, which is slightly thinner than the estimated value (20 microns)

as postulated {25]. The SEM analyses of the collected shell structure

strongly support the hypotheses on the mechanisms of the formation of the

impermeable shell and subsequent droplet disruption, that we have proposes

previously [25] (see Fig. 5).
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Figure 6 shows time—exposure (1/30 s) direct photographs of disruptively-
burning droplets of the in—-house boron slurry with the surfactant (Ya = 0.3,
Ysr-10 = 0.68, Ysranes = 0.02). Figure 3s shows the entire view of the
burning process and Fig. 6b shows the megnified view of the disrupting region.
The violent disruption with the greenish emission and popping sound, both
which are indicative of boron ignition, was observed to be identical to the
behavior of the manufactured slurries (SunTech, UOP, and Atlantic Research) as
reported previously (23-28].

By contrast, as shown in Figure 7, for the slurry containing the same
amount of boron (Ys = 0.3) but no surfactant, only a weak disruption was
observed at a substantially delayed time. No greenish emissions or popping
sounds were noticeable and indicatesno boron ignition. The magnified view of

the disrupting region (Fig. 7b) shows brushlike yellow streaks and, probably,

results from pufiing of gases from the primary slurry droplets. The droplets
of JP-10 with 2 wt.X surfactant, tested for comparison, showed no violent
disruption and the combustion terminated with the flash extinction, which was
slightly stronger than pure fuels.

Figure § shows optical microscopic phctographs of boron agglomerates
collected at the exit of the combustion chimney where droplets of the in-house
boron/JP-10 slurry with the surfactant are burning under the same experimental

condition with that of Fig. 6. The low magnification photograph (Fig. 8a)

shows the agglomerate shells with blowholes, similar to the one shown in Fig.
4, and frogments of the shells created by violent disruption. The magnified
photograph (Fig. 8b) shows more clearly the shell structure and the blowholes.

By contrast, as shown in Fig. 9, the structure of the agglomerates is quite
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different for the slurry with no surfactant collected under the same
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conditions as that of Fig. 7. The agglomerates are nearly spherical and
solid.

These results clearly demonstrated that the surfactant, in combination
with thoe boron particles, is responsible for the formation of the impermeable
shel)] structure and subsequent disruption phenomena. The physical ideas that
have been proposed previously (23-25]) and the observations reported here
should be used to develop quantitative models for the disruptive burning

procesas.
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TABLE 1 Burner Operating Conditions and Estimated
Gas Mixture Compositions

! Gas mix. Flow Rate (1,/min) Tr.cue Mole Fraction

[ no. ¢ CHde O2 Na (K) Xoa Xusg Xcoa

[ XHIO
0.17 1 0.3 10.0 66.7 43.3 2054 0.39 0.36 0.08
0.17 2 0.4 10.0 50.0 60.0 2065 0.25 0.50 0.08
0.17 3 0.5 10.0 40.0 70.0 2073 G.17 0.58 0.08
0.17 4 0.6 10.0 33.3 76.7 2078 0.11 0.64 0.08
0.17 5 0.7 10.0 28.6 8l1.4 2086 0.07 0.8 0.08
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FiQURE CAPTIONS
Fig. 1. Major species profiles from the oxidation of p—xylene.

‘ Fig. 2. Intermediates in near sooting and smoke point conditions of normal
‘ and inverse diffusion flomes.

Fig. 3. Fuel's sootir ' tendency correlated with measured aromatic
concentration.

Fig. 4 Scanning electron micrograph of a boron agglomerate shell (100X).
Fig. 5. Schematic illustration of the disruption mechanisa.

Fig. 6. Time-exposure photographs of burning boron/JP-10 slurry droplets
with the surfactant. Ya = 0.30, Yspanes = 0.02. (a) Entire view.
(b) Magnified view.

Fig. 7. Time-exposure photographs of burning boron/JP-10 slurry droplets
with no surfactant. Ya = 0.3. (a) Entire view. (b) Magnified view.

Fig. 8. Photographs of boron agglomerates collected in the combustion of
boron/JP-10 slurry droplets with the surfactant. Ys = 0.30, Ysranes
= 0.02. (a) Low magnification; (b) high magnification.

Fig. S. Photographs of boron agglomerates collected in the cow'ustion of
boron/JP-10 slurry droplets with no surfactant. Ys = 0.30. (a) Low
magnification; (b) high magnification.
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9. P. Antaki, "Studies of Slurry Droplet Combustion and Boron Particle
Ignition," Department of Mechanical and Aerospace Engineering, Ph.D.
Thesis (1985).

10. G.W. Sidebotham, "An Inverse Co-Flow Approach to Sooting Laminar Diffusion

Flames," Department of Mechanical and Aerospace Engineering, Ph.D. Thesis
(1987).
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V. Presentation -~ Seminars

K. Breginsky

"Chemical Species Meagsurements in a High Temperature Flow Reactor," Standard
0il Research and Development, Warrenville, OH, March 19, 1987,

"Oxidation and Pyrolysis Chemistry of Hydrocarbon Fuels," GM Research
Laboratories, Warren, MI, June 18, 1987.

"Oxidation/Pyrolysis Chemistry as Related to Fuel Sooting Turbulences,"
American Chemical Society, National Meeting, Sept. 1, 1887, New Orleans, LA.

G. Sidebotham

"Structure of Near and Slightly Sooting Inverse Diffumsion Flames; Eastern
States Section/Combustion Institute Meeting, Dec. 16, 1986, San Juan, P.R.

"An Experimental Study of Allene, 1-3 Butadiene and Benzene Laminar Co-
Flowing Diffusion Flames,” Central States Section Combustion Institute
Meeting, May 12, 1987, Argonne, IL.

F. Takahashi

"Combustion Behavior of Free Boron Slurry Droplets,”" Boron Workshop, 1987
AFOSR/ONR Contractors Meeting, June 23, 1987, University Park, PA.
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VIi. Interaction With Other Laboratories

Discussion about soot formation in dump combuators with NASA langley,
June 1987,

Discussion about acot formation in aircraft gas turbines with AVCO-
Lycoming, UTRC, McDonnell-Douglas, June 1987.

| “+ 3¢ 5. Discussions about hydrocarbon oxidation processes with Standard Oil
Research and G.M. Research, March-June 1887,
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